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Abstract

To achieve superior interfacial bonding between carbon fibers and an Al matrix, this study
employed a simplified electroplating system to deposit Ni coatings on carbon fibers using
an additive-free electrolyte. The investigation first optimized the carbon fiber heat treatment
process, followed by systematic examination of electroplating parameters affecting the Ni
coating microstructure. Key findings demonstrate that (1) thermal treatment of carbon
fibers significantly enhances their wettability with the electroplating solution; (2) controlled
deposition of smooth, uniform, and continuous Ni coatings requires precise optimization
of nickel sulfate concentration, applied voltage, and pH value. This work establishes a
cost-effective technical foundation for producing high-quality Ni-coated carbon fibers.

Keywords: electroplating; carbon fiber; Ni coating; electroplating process parameters;
carbon fiber heat treatment

1. Introduction

Carbon fibers are widely used in the reinforcement of composites such as metals,
resins, and ceramics due to their excellent properties, such as light weight, high strength,
high modulus, chemical stability, and low coefficient of thermal expansion [1-5]. Carbon
fiber-reinforced aluminum (Al) matrix composites are a class of metal matrix composites
that synergistically combine the advantages of carbon fibers and Al. These composites
exhibit low density, high specific strength and stiffness, negligible moisture absorption,
and excellent corrosion resistance, making them ideal for structural components in ships,
aircraft, and other high-performance equipment [6,7]. However, when preparing carbon
fiber-reinforced Al matrix composites, the poor wettability between carbon fibers and the
Al matrix poses a challenge. This hinders the penetration of molten Al into the carbon
fiber bundles, ultimately compromising the mechanical properties of the composites [8].
On the other hand, the interfacial reaction between carbon fibers and the Al matrix under
high-temperature processing conditions tends to form needle-like brittle Al4Cs, which
degrades the interfacial bonding strength of the composites [9].

To enhance the wettability between carbon fibers and the Al matrix while inhibiting
severe interfacial reactions, surface coating of carbon fibers is an effective approach [10,11].
Zhang et al. [12] fabricated carbon fiber-reinforced Al matrix composites using an elec-
tromagnetic casting method. To enhance the wettability between the carbon fibers and
Al matrix, a Ni/P coating was chemically deposited on the carbon fiber surface. The
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effects of different stabilizers on the coating microstructure were investigated, with re-
sults demonstrating that the coating prepared using lactic acid as the stabilizer exhibited
optimal performance. Hua et al. [13] employed an electroplating process to deposit a Ni
coating on the carbon fiber surface to enhance the interfacial bonding between the fibers
and Al matrix. By introducing NiCl,, sodium dodecyl sulfate (C1oH5NaSOy), and other
additives into the electroplating solution, they achieved a uniformly smooth coating on
the carbon fibers. Ko et al. [14] evaluated the wettability of Cu coating on the graphite
surface with Al liquid. The Cu coating was deposited through both electroless plating and
ion sputtering techniques. Results showed that the coating could reduce the contact angle
between graphite and molten aluminum by up to 55°, attributed to the interdiffusion of
Cu and Al atoms at the interface. Che et al. [15] introduced a new process for chemical Cu
coating on the surface of carbon fiber without precious metal catalysts. They employed
a Ni sulfate solution as the catalyst for chemical Cu coating on the carbon fiber surface.
Subsequent phase analysis revealed that the deposited coating contained Ni impurities.
While both Ni and Cu coatings enhance the wettability between molten Al and carbon
fibers, Ni coatings demonstrate superior performance. The higher diffusion rate of Cu in
molten Al compared to Ni increases the risk of interfacial reaction and carbon fiber degrada-
tion [16]. A comprehensive review of carbon fiber surface modification techniques reveals
that electrodeposition and electroless plating currently dominate the coating methodolo-
gies. Nevertheless, electrodeposition proves more efficient than electroless plating for
carbon fiber coating. This process offers straightforward operation and short deposition
cycles, making it particularly suitable for commercial-scale production [17-19]. Despite the
numerous benefits of electrodeposition technology, specific technical difficulties arise when
depositing coatings on carbon fibers [20]. Due to their small diameter, carbon fibers exhibit
high surface energy and a large specific surface area. This characteristic leads to fiber
agglomeration in plating solutions, making it particularly challenging to achieve uniform
coating deposition on individual fibers within fiber bundles during the electrodeposition
process [21,22]. It is frequently required to add additives to the electroplating solution to
increase the carbon fibers” wettability with the electroplating solution in order to coat their
surface uniformly [13]. However, the cost of electroplating will go up if one adds additives
to the electroplating solution. Additionally, the additives will be deposited on the carbon
fibers’ surface, which will weaken the interfacial bonding in the carbon fiber-reinforced Al
matrix composites [23,24].

In this work, the process of electroplating Ni coatings on the surface of carbon fibers
was examined under the condition of an electroplating solution without additives in
order to coat the surface of carbon fibers uniformly and create coatings free of impurity
components. Although Ni coatings can be applied to carbon fiber surfaces using additive-
free electroplating solutions, the resulting coatings show uneven deposition, especially
on the inner fibers of carbon fiber bundles, where it is still difficult to achieve uniform Ni
coating coverage. The poor wettability of carbon fibers and the electroplating solution is
the main cause of this problem. To enhance the wettability between carbon fibers and the
electroplating solution, the effect of surface heat treatment on the dispersion performance
of carbon fibers in aqueous solutions was investigated. Furthermore, the influence of
electroplating parameters on coating thickness and microstructure was systematically
investigated and optimized, ultimately achieving a smooth, uniform Ni coating with strong
adhesion to the carbon fiber surface.
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2. Materials and Methods
2.1. Starting Materials

The substrate utilized in this study comprised T300 carbon fibers, manufactured by
Toray Industries, Japan. The carbon fibers possess a diameter of 6-8 pm and a density of
1.76 g/cm3, and are composed of 3000 monofilaments per bundle. The basic Ni electro-
plating solution contained only nickel sulfate (NiSO4) and boric acid (H3BOs), with no
additives included in the formulation. Carbon fibers are typically manufactured through a
series of processes including precursor preparation, pre-oxidation treatment, carbonization,
graphitization, and sizing application. In this process, epoxy- or polyurethane-based sizing
agents are generally applied to protect the fibers and facilitate handling during transporta-
tion. Before electroplating, the surface of the carbon fiber was heated under atmospheric
conditions to enhance its dispersion in the electroplating solution. The carbon fibers to
be electroplated were placed in a heat treatment furnace and thermally treated for 30 min
at 300 °C, 500 °C, and 700 °C in an ambient atmosphere. The carbon fibers were then
extracted for the subsequent deposition of a Ni coating.

2.2. Electrodeposition of Ni Coatings on Carbon Fiber Surfaces

The process of electroplating Ni coatings on the carbon fiber surfaces is shown in
Figure 1. First, a specific quantity of nickel sulfate and boric acid reagent is dissolved in
deionized water, and the reagent is thoroughly stirred to dissolve it completely, to create the
electroplating solution. Subsequently, the prepared electroplating solution is transferred
into the electroplating tank. The carbon fiber cathode is positioned at one extremity of
the tank and connected to the negative terminal of the power supply, while the Ni anode
is placed at the opposing extremity and connected to the positive terminal. A constant
voltage was applied between the carbon fiber cathode and the Ni anode throughout the
electrodeposition process. Upon completion of the plating, the coated carbon fibers were
extracted, rinsed thoroughly, and subsequently placed in a vacuum desiccator for drying
prior to further performance characterization.
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Figure 1. Schematic of the electroplating setup for Ni deposition on carbon fibers.

2.3. Characterization Method

The phase composition of the coating was characterized by X-ray diffraction (XRD)
with a scanning range of 26 = 20-80° at a step size of 0.02° and a scanning rate of 5°/min.
The surface morphology and cross-sectional thickness of the coating were examined using
scanning electron microscopy (SEM). Additionally, energy-dispersive spectroscopy (EDS)
was employed to analyze the elemental composition of specific regions. Microstructural
characterization was systematically performed across distinct regions of the coating, with
representative zones subsequently identified and subjected to comprehensive analysis.
The tensile properties of carbon fiber monofilaments were evaluated using a universal
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mechanical testing machine, comparing their mechanical behavior before and after heat
treatment. The bonding strength between the carbon fiber and the coating was evaluated
using thermal shock testing.

3. Results
3.1. Surface Degumming Treatment of Carbon Fiber

To mitigate mechanical damage during packaging and transportation, carbon fibers
are typically coated with a protective adhesive layer during manufacturing. Thus, a thermal
treatment process must be applied to carbon fibers before electroplating to remove the
protective adhesive layer, ensuring homogeneous distribution and optimal solution contact
during subsequent electrodeposition [25]. Figure 2 shows the microscopic morphology of
the carbon fiber surface obtained under different heat treatment conditions. It is evident that
varying heat treatment temperatures result in distinct surface alterations for carbon fiber.
Figure 2a,b display the surface microstructure of pristine carbon fibers prior to thermal
treatment. Figure 2a,b reveal that the untreated carbon fibers exhibit a tightly bonded
morphology, with particulate matter observed on the fiber surfaces. These surface particles
likely originate from localized aggregation of the sizing agent. The sizing agent on carbon
fiber surfaces not only hinders sufficient contact between the fibers and electroplating
solution, but also adversely affects the electrical conductivity during the electroplating
process [26]. Figure 2c shows the microstructure of the carbon fiber surface after a 30 min
heat treatment at 300 °C in an atmosphere environment. Microscopic analysis reveals
that the fiber surface exhibits significant cleaning, with distinct longitudinal striations
along the fiber axis, suggesting removal of surface sizing agents. Figure 2d shows the
microstructure of the carbon fiber surface after a 30 min heat treatment at 500 °C in an
atmosphere environment. Similarly, the carbon fiber surface exhibits an exceptionally clean
morphology, devoid of any detectable impurities. However, compared to Figure 2c, the
surface striations of the carbon fiber are deeper. Figure 2e shows the microstructure of the
carbon fiber surface after a 30 min heat treatment at 700 °C in an atmosphere environment.

Adhesive agent

Figure 2. Surface microstructural evolution of carbon fibers under varying heat treatment conditions:
(a,b) as-received carbon fiber surface; (c) carbon fiber surface treated at 300 °C for 30 min; (d) carbon
fiber surface treated at 500 °C for 30 min; (e) carbon fiber surface treated at 700 °C for 30 min.
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To elucidate the influence of heat treatment temperature on the dimensional character-
istics and tensile strength of carbon fibers, comprehensive measurements of fiber diameter
and tensile mechanical properties were conducted following controlled thermal processing
under varying temperature conditions. The results demonstrate that the carbon fibers main-
tained an average diameter of approximately 7 um both in the untreated condition and
following heat treatment at 300-500 °C. However, a significant diameter reduction to 5 um
was observed when the heat treatment temperature reached 700 °C. Single-fiber tensile
testing revealed that the as-received carbon fibers exhibited a tensile strength of 2.7 GPa.
Following thermal treatment at 300 °C and 500 °C, the fibers demonstrated comparable
strength retention, maintaining values of approximately 2.6 GPa. In contrast, specimens
subjected to 700 °C treatment showed a statistically significant reduction in tensile strength
to 2.3 GPa, indicating the onset of thermal degradation at elevated temperatures. Thus, it
is evident that heat treatment at 700 °C for 30 min weakens carbon fiber by causing some
structural damage.

To observe the dispersibility of carbon fibers derived from various heat treatments
in an aqueous solution, Figure 3 illustrates this process. Figure 3 demonstrates that both
as-received and 300 °C-treated carbon fibers exhibit negligible dispersibility in the aque-
ous solution. The poor dispersion behavior of untreated fibers can be attributed to the
presence of a sizing agent coating on their surfaces, which significantly compromises their
hydrophilic properties. However, the low treatment temperature at 300 °C may result in
fewer oxygen functional groups on the fiber surface, which is why carbon fibers treated
at this temperature cannot disperse in an aqueous solution [27]. The filaments of carbon
fibers treated at 500 °C and 700 °C disperse in the aqueous solution and come into full
contact with it, demonstrating superior dispersibility in aqueous solutions as compared to
untreated carbon fibers and those treated at 300 °C. However, 700 °C thermal treatment
induces severe structural degradation and mechanical deterioration in carbon fibers. To
achieve homogeneous dispersion in the electroplating bath while ensuring complete metal-
lic coating on individual filaments, optimal results were obtained through atmospheric
thermal treatment at 500 °C for 30 min, which preserves fiber integrity while providing
adequate surface activation.

Figure 3. Dispersibility of carbon fibers in aqueous solutions under different heat treatment conditions:
(a) as-received carbon fiber; (b) carbon fiber heat-treated at 300 °C; (c) carbon fiber heat-treated at
500 °C; (d) carbon fiber heat-treated at 700 °C.

3.2. Effect of Nickel Sulfate Concentration on the Microstructure of Ni Coating

To systematically investigate the influence of nickel sulfate (NiSO4) concentration
(ranging from 42 to 162 g/L) on the microstructural evolution of electrodeposited Ni
coatings, a series of controlled electroplating experiments was conducted while maintaining
the following constant parameters: pH 4.1, applied potential 6 V, bath temperature 25 °C,
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and deposition duration 60 s. Figure 4 shows the microstructure of Ni coatings obtained
under different nickel sulfate concentrations. When the concentration of nickel sulfate is
42 g/L, as shown in Figure 4a,e,i, a uniformly smooth Ni coating is formed on the carbon
fiber surface, although it is rather thin in thickness. This is because low concentrations of
nickel sulfate result in low quantities of Ni?*, which causes a slower rate of Ni deposition
on carbon fibers and a thinner nickel coating. When the nickel sulfate concentration is
increased to 82 g/L, the Ni coating deposited on the carbon fiber surface not only is smooth
and uniform, but also has a clear outline and is tightly bonded to the carbon fiber, as shown
in Figure 4b,f,j. On the one hand, heat treatment enables complete contact between the
carbon fiber filaments and the electroplating solution. However, an adequate amount of
Ni?* can also speed up the Ni coating’s deposition. When the nickel sulfate concentration
increased to 122 g/L and 162 g/L, as shown in Figure 4c,d,gh k1, not only was the Ni
coating on the carbon fiber surface smooth and uniform, but its thickness also increased.
According to the analysis, the thickness of the Ni coating is influenced by the content of
nickel sulfate in the electroplating solution. This could be because varying concentrations of
nickel sulfate differ in the rate at which Ni atoms are deposited. Therefore, the concentration
of nickel sulfate must be higher than 42 g/L to achieve a uniform, smooth Ni coating of a

specific thickness on the carbon fiber surface.

Figure 4. Microscopic morphology of Ni coatings obtained under different nickel sulfate concen-
trations: (a,e,i) NiSO4 concentration 42 g/L; (b,f,j) NiSO4 concentration 82 g/L; (c,g,k) NiSO4
concentration 122 g/L; (d,h,1) NiSOy4 concentration 162 g/L.

The phase composition of the obtained Ni coating was analyzed, as shown in Figure 5.
Figure 5a shows the XRD analysis of the carbon fiber surface before and after the deposition
of the Ni coating. From the diffraction pattern, it can be seen that broadened carbon
peaks were detected in the uncoated carbon fiber. XRD analysis of the electrodeposited
Ni-coated carbon fibers revealed distinct diffraction peaks corresponding to both carbon
and metallic Ni, with no detectable impurity phases. This high phase purity directly
results from the additive-free electroplating bath composition, which prevented the co-
deposition of contaminants. The Ni coating’s cross-section was subjected to EDS line
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scanning analysis in order to better examine the Ni distribution surrounding the carbon
fibers, as seen in Figure 5b,c. As evidenced in the figure, only Ni and carbon elements
were detected. Furthermore, the continuous gradient transition in elemental composition
profiles demonstrates strong interfacial bonding between the carbon fiber and Ni coating,
with no evidence of delamination or abrupt compositional discontinuities.
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Figure 5. Component analysis of Ni coating on carbon fiber surface: (a) Ni coating XRD analysis;
(b,c) EDS line scan analysis of Ni coating cross-section.

3.3. Effect of Deposition Voltage on the Microstructure of Ni Coating

To systematically investigate the influence of deposition voltage (varied from 3 to
9 V) on the microstructure of Ni coatings, a series of electrodeposition experiments was
conducted under controlled conditions: pH 4.1, nickel sulfate concentration 122 g/L, bath
temperature 25 °C, and deposition duration 60 s. Coating thickness was quantitatively
characterized for each voltage condition. Figure 6 shows the microstructure of Ni coatings
obtained under different deposition voltage conditions. As seen in Figure 6a,e,i, a thin
layer of Ni is formed on the carbon fiber surface when the deposition voltage is 3 V.
The Ni coating’s shape is not entirely evident. The coating thickness, as determined by
measurement and computation, was roughly 52 nm. The reason for this is that at low
voltages, Ni?* acquires electrons slowly, which results in a poor nucleation rate. This
makes it harder for Ni to deposit on the carbon fiber surface, which leads to a thinner
coating. As seen in Figure 6b,f,j, a uniform and complete Ni coating forms around the
carbon fiber when the voltage is raised to 5 V. The coating is firmly bound to the fiber and
has a thickness of around 470 nm. When the voltage was further increased to 7 V, the Ni
coating continued to uniformly and completely cover the fibers, with a coating thickness
of approximately 645 nm, as shown in Figure 6c,g k. As demonstrated in Figure 6d,h,1,
deposition at 9 V resulted in the formation of localized porosity within the Ni coating. This
morphological defect can be attributed to the hydrogen evolution reaction under high-
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potential conditions, where gas bubble incorporation during electrodeposition generates
void structures. Measurement of the coating thickness shows a value of approximately
693 nm. Therefore, it was found that the deposition voltage affects the thickness of the
Ni coating. Furthermore, both excessively high and low applied voltages fail to produce
optimal coatings on carbon fibers. Systematic characterization reveals that maintaining the
deposition voltage within the range of 5-7 V yields coatings with better structure.

Small pores

Figure 6. Microscopic morphology of Ni coating obtained under different deposition voltage condi-
tions: (a,e,i) voltage 3 V; (b,f,j) voltage 5 V; (c,g k) voltage 7 V; (d,h,1) voltage 9 V.

3.4. Effect of Electroplating Solution pH Value on the Microstructure of Ni Coating

To investigate the effect of pH on the microstructure of Ni coatings, Ni coatings
were prepared under different pH conditions (pH = 3.7—4.8). Other electroplating process
parameters were as follows: voltage 6 V; temperature 25 °C; nickel sulfate concentration
122 g/L; and plating time 60 s. Figure 7 shows the microstructure of Ni coatings obtained
under different pH conditions. The carbon fiber surface is completely and uniformly coated
with Ni coating when the pH reaches 3.7, as shown in Figure 7a,e,i. When the pH value rises
to 4.1, the coating is also found to be smooth and uniform, as shown in Figure 7b,fj. When
the pH value was 4.3, although the carbon fiber surface was completely coated with the Ni
coating, the coating appeared rough with coarse Ni particles, as shown in Figure 7c,g k.
However, when the pH value further increased to 4.8, it can be observed from Figure 7d,h,1
that the Ni coating failed to fully cover the carbon fiber surface, leaving some exposed
regions. This is because an excessively high pH (4.8) accelerates the consumption of H*
near the cathode during electroplating, further increasing the local OH™ concentration.
The reaction between OH~ and Ni?* generates Ni(OH); colloids, reducing the available
Ni?* near the electrode and consequently slowing the Ni deposition rate on the carbon
fiber surface [28]. Therefore, in order to deposit a complete Ni coating on the carbon fiber
surface, the pH value of the electroplating solution must be maintained between 3.7 and 4.3.
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Figure 7. Microscopic morphology of Ni coatings obtained under different pH conditions of electro-
plating solutions: (a,e,i) pH value 3.7; (b,£,j) pH value 4.1; (c,g k) pH value 4.3; (d,h,1) pH value 4.8.

3.5. Bond Strength Test Between Ni Coating and Carbon Fiber

The interfacial adhesion between the carbon fiber and coating was evaluated using
thermal shock testing. The procedure consisted of (1) immersing the coated carbon fiber
in boiling water for 20 min, (2) rapidly transferring it to ice water (0-5 °C) for 5 min, and
(3) repeating this cycle six times. Post-test, the coating’s surface morphology was examined,
and the bonding strength was assessed based on the degree of coating delamination.
Figure 8 shows the microstructure of the Ni coating on the surface of carbon fiber before
and after thermal shock. It was observed that after thermal shock testing, only minor
delamination occurred in the Ni coating on the carbon fiber surface, while the majority of
the coating remained intact and uniformly adhered to the substrate. Mass measurements
of the Ni coating on carbon fiber surfaces before and after thermal shock testing revealed
a minimal mass loss rate of merely 1.1%, demonstrating excellent interfacial adhesion
between the Ni coating and carbon fiber.

Figure 8. Microscopic morphology of Ni coating on carbon fiber surface before and after thermal
shock: (a) microstructure of Ni coating before thermal shock; (b) microstructure of Ni coating after
thermal shock.
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4. Discussion
4.1. Analysis of the Effect of Heat Treatment on the Dispersibility of Carbon Fibers

Untreated carbon fibers demonstrate poor dispersibility in aqueous solutions due
to two key factors: (1) the presence of a surface sizing agent that promotes inter-fiber
adhesion through its binding effects, and (2) their inherently low specific surface area
coupled with surface hydrophobicity. The sizing layer not only creates strong adhesive
forces between fibers but also reduces surface energy, while the limited surface area and
hydrophobic nature further inhibit effective wetting and dispersion in water-based systems.
High-temperature thermal treatment not only completely removes the sizing agent from
the carbon fiber surface, thereby increasing its specific surface area, but also induces
surface oxidation, enhancing the content of oxygen-containing functional groups (e.g.,
hydroxyl [FOH], carbonyl [C=0], and carboxyl [FCOOH]). These modifications significantly
improve the wettability of carbon fibers in aqueous solutions. During oxidative treatment,
the abundant C-H bonds on the carbon fiber surface are readily converted into polar
oxygen-containing functional groups. These groups facilitate hydrogen bonding with water
molecules, thereby enhancing surface hydrophilicity and promoting interfacial wetting [29].

4.2. Analysis of the Effect of Nickel Sulfate Concentration on the Deposition Rate of Electroplated
Ni Coatings

To further investigate the influence of nickel sulfate concentration in the electroplating
bath on the Ni coating deposition rate, Ni coatings were prepared on carbon fibers of equal
mass under varying nickel sulfate concentrations. The deposition rate was subsequently
calculated using the following equation:

)

where V = deposition rate (mg/min); m = mass of uncoated fiber (mg); M = mass of plated
fiber (mg); and ¢ = electroplating time (min).

Figure 9 shows the relationship curve between nickel sulfate concentration and the
deposition rate of the Ni coating on the carbon fiber surface. When the nickel sulfate
concentrations were 42, 82, 122, and 162 g/L, the corresponding Ni coating deposition
rates measured 2.32, 3.32, 3.82, and 3.92 mg/min, respectively. It was observed that the
deposition rate of Ni coatings on carbon fibers increased with rising nickel sulfate concen-
tration, while the rate of increase gradually diminished. This phenomenon is attributed to
the predominant electrochemical reactions occurring during nickel electroplating:

Anode (Oxidation): Ni(s)—2e~ — Ni**(aq) 2)

Cathode (Reduction): Ni2+(aq) +2e~ — Ni(s) 3)

Thus, at higher nickel sulfate concentrations, the increased Ni?* availability in the
electroplating bath enhances nickel reduction, accelerating the Ni coating deposition rate.
However, under a fixed electric field, the limited surface charge density of carbon fibers
results in progressively diminishing enhancement of Ni deposition rates as nickel sulfate
concentration exceeds a certain level.
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Figure 9. Relationship curve between the concentration of nickel sulfate in the electroplating solution
and the deposition rate of the Ni coating on the surface of carbon fiber.

4.3. Analysis of the Effect of Deposition Voltage on Ni Coating Thickness

The thickness of the Ni coatings was examined after they were created under various
voltage circumstances (3-9 V) in order to examine the impact of the deposition voltage on
the coatings. Figure 10 shows the relationship curve between Ni coating thickness and
deposition voltage. It can be seen from the figure that the coating thickness varies almost
linearly with the deposition voltage. Derived from Faraday’s Law, the coating thickness
correlates with applied voltage through the following equation [30]:

_CX]KXi'Xﬂk

0 4
o 4)
ocld

Jk = e 5)

where § = coating thickness; C = electrochemical equivalent of coating (constant);
Jx = current density; t = electroplating duration; #; = current efficiency; p = coating density;
o = conductivity; U = applied voltage; and d = inter-electrode distance.
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Figure 10. Relationship curve between Ni coating thickness and deposition voltage.
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As derived from the relationship, the coating thickness exhibits a proportional depen-
dence on deposition voltage when the following parameters remain constant: electroplating
duration, electrochemical equivalent, coating density, current efficiency, conductivity, and
inter-electrode distance. This theoretical prediction aligns precisely with the experimentally
measured thickness—voltage correlation curve presented in this study.

4.4. Analysis of the Effect of Electroplating Solution pH Value on Ni Coating Grain Size

To analyze the effect of the pH value of the electroplating solution on the crystallite
size of Ni coatings, the Scherrer formula was used to quantitatively determine the crystallite
size of Ni coatings obtained under different pH conditions. The calculation formula is as
follows [31]:

Bcost = K(A/d) (6)

where 8 = the value of full width at half maximum (FWHM); 6 = the Bragg angle; K = the
shape factor, with the value being 0.94; A = the X-ray diffraction wavelength; and d = the
crystallite size.

The crystallite size measured from diffraction peaks does not represent the true crys-
tallite size, but it can serve as a reference for relative comparison. In this work, based on
the formula mentioned above, the crystallite size was calculated using the full width at half
maximum (FWHM) of the (110) diffraction peak. Figure 11 shows the effect of the pH value
of the electroplating solution on the crystallite size of the Ni coating. Figure 11a shows the
XRD patterns of Ni coatings obtained under different pH conditions. Figure 11b shows the
crystallite size of the Ni coating obtained by calculation. It was found that the Ni crystallite
size was smaller at pH 3.7 and 4.1, while larger crystallite sizes were obtained at pH 4.3 and
4.8. This result is consistent with the observed microstructure of the Ni coatings shown in
Figure 7. This is because during the electroplating process, in addition to the redox reaction
of Ni?* at the electrode, the following side reactions also occur:

2H,0—4e~ — 4H* + Oy} @)
2H* +2e~ — Hyt )
14
a
Ni b
(110)
13 |
Ni |7 - —=
~ Ni
3 200 g
< e pH=4.8 (220)| o
2 N 3
g o 12}
2 =
— pH=4.3 A ;
H=4.1 A '
pH=4.
/\_J_AJL
pH=3.7 o |
I ] L T T IO L T L T 1 T L
20 30 40 50 60 70 8 3.7 41 43 48
20/degree pH

Figure 11. Effect of pH value of electroplating solution on crystallite size of Ni coating: (a) XRD
patterns of Ni coatings obtained under different pH conditions; (b) crystallite size of Ni coatings
obtained under different pH conditions.
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Consequently, when the pH value is too high, the rapid consumption of H* near
the cathode during the electroplating process leads to a corresponding increase in OH™
concentration. The elevated OH™~ then reacts with Ni?* to form Ni(OH), colloids, which
adhere to the carbon fiber surface. This adhesion subsequently suppresses the nucleation
and precipitation of Ni crystals, ultimately resulting in coarsened Ni crystallite sizes [32].

4.5. Elemental Analysis of Ni Coating Obtained Under Additive-Free Electroplating Conditions

Figure 12 presents the microstructure and elemental mapping analysis of Ni coatings
electrodeposited on carbon fibers from additive-free electroplating solutions. It can be
observed that the Ni coating was uniformly deposited on the carbon fiber surface, exhibiting
strong interfacial bonding with the substrate. The coating technique suggested in this study
not only produces higher-purity Ni coatings but also shows reduced production costs when
compared to traditional nickel coatings deposited from additive-containing electroplating
solutions. Additionally, this coating can significantly improve the interfacial bonding
between carbon fibers and the Al matrix when used on carbon fiber-reinforced Al matrix
composites [21,22,28]. The present work successfully deposited high-quality Ni coatings
onto carbon fiber without employing any additives. This result can be attributed to two key
factors: first, the degumming treatment of carbon fibers enabled their uniform dispersion
in the electroplating solution, ensuring sufficient contact with the electrolyte; second, the
optimized electroplating parameters significantly improved the deposition quality of Ni
coatings. This study provides technical support for the electrodeposition of high-purity Ni

coatings on carbon fiber surfaces using a low-cost plating process.

Figure 12. EDS elemental mapping analysis of Ni coating on carbon fiber surface.
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5. Conclusions

To achieve high-quality Ni coatings on carbon fibers through additive-free electroplat-
ing, this study examined (1) the effect of carbon fiber heat treatment on fiber dispersibility
in the electroplating solution, and (2) the influence of electroplating parameters on coating
microstructure. Through systematic parameter optimization, the following conclusions
were drawn:

(1) In an ambient atmosphere, a 500 °C heat treatment for 30 min effectively removes
sizing agents from carbon fiber surfaces. This process increases fiber surface area
and energy while enhancing wettability with the electrodeposition solution, without
compromising the structural integrity or mechanical strength of the fibers.

(2) The microstructure of Ni coatings was examined in this work in relation to the concen-
tration of nickel sulfate in the electroplating solution. The results demonstrate that a
nickel sulfate concentration exceeding 42 g/L is essential to deposit uniform, smooth
Ni coatings with controlled thickness on carbon fiber surfaces.

(38) The effect of deposition voltage on the microstructure of Ni coatings was investigated
in this work. The findings show that the ideal coating structure is produced by
keeping the voltage between 5 and 7 V.

(4) The effect of electroplating solution pH on the microstructure of Ni coatings was
examined in this work. According to the findings, continuous Ni coating deposition
on carbon fiber surfaces requires the electrolyte pH to be kept between 3.7 and 4.3.

(5) Thermal shock testing demonstrated excellent interfacial bonding between the Ni
coatings and carbon fibers prepared in this study.

(6) This study provides technical support for electroplating high-purity Ni coatings on
carbon fiber surfaces, and this technology has already enabled small-scale industrial
production of Ni-coated carbon fibers.
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